Riazuddin SA, Ayyagari R. Genetic analysis of 10 pedigrees with inherited retinal degeneration by exome sequencing and phenotype-genotype association.
Ophthalmic evaluation and DNA isolation were carried out in 10 pedigrees with inherited retinal degenerations (IRD). Exomes of probands from eight pedigrees were captured using Nimblegen V2/V3 or Agilent V5ϩUTR kits, and sequencing was performed on Illumina HiSeq. The DHDDS gene was screened for mutations in the remaining two pedigrees with Ashkenazi Jewish ancestry. Exome variants were filtered to detect candidate causal variants using exomeSuite software. Segregation and ethnicity-matched control sample analysis were performed by dideoxy sequencing. Retinal histology of a patient with DHDDS mutation was studied by microscopy. Genetic analysis identified six known mutations in ABCA4 (p.Gly1961Glu, p.Ala1773Val, c.5461-10TϾC), RPE65 (p.Tyr249Cys, p.Gly484Asp), PDE6B (p.Lys706Ter) and DHDDS (p.Lys42Glu) and ten novel potentially pathogenic variants in CERKL (p.Met323Val fsX20), RPE65 (p.Phe252Ser, Thr454Leu fsX31), ARL6 (p.Arg121His), USH2A (p.Gly3142Ter, p.Cys3294Trp), PDE6B (p.Gln652Ter), and DHDDS (p.Thr206Ala) genes. Among these, variants/mutations in two separate genes were observed to segregate with IRD in two pedigrees. Retinal histopathology of a patient with a DHDDS mutation showed severe degeneration of retinal layers with relative preservation of the retinal pigment epithelium. Analysis of exome variants in ten pedigrees revealed nine novel potential disease-causing variants and nine previously reported homozygous or compound heterozygous mutations in the CERKL, ABCA4, RPE65, ARL6, USH2A, PDE6B, and DHDDS genes. Mutations that could be sufficient to cause pathology were observed in more than one gene in one pedigree. exome sequencing; genetics; phenotype-genotype; retinal degeneration; IRD INHERITED RETINAL DEGENERATIONS (IRD) are a heterogeneous group of diseases characterized by the progressive loss of photoreceptors leading to vision loss (8, 14, 17) . Some of the common features of retinal degeneration include night blindness, progressive loss of peripheral vision, central vision loss, changes in the retinal pigment epithelium (RPE), and abnormal electroretinogram (ERG) responses (14) . Significant heterogeneity has been reported in the phenotype of IRD patients with a wide variation in the age of onset, rate of progression, and severity of disease and clinical symptoms (14, 36) . Considerable overlap has been observed in the phenotype of various IRD (13) . More than 250 genes have been implicated in retinal degenerations (https://sph.uth.edu/retnet/sum-dis.htm) (8, 11, 13, 23) . These genes code for proteins that are structural components of photoreceptors or extracellular matrix. They also can play a critical role in phototransduction, ciliogenesis, oxidative stress, and other biological processes. Mutations in some of these genes are associated with multiple phenotypes including nonsyndromic and syndromic forms of IRD (8, 17, 32) .
Although a large number of genes associated with IRD are known, the identification of the molecular cause of disease in many patients remains a challenge because of genetic and phenotypic heterogeneity and overlap in the symptoms of IRD. Currently available next-generation sequencing methodologies offer an opportunity to screen the entire genome, exome, or all the genes that have been reported to cause IRD (26) . Here we describe the phenotype of 10 pedigrees with recessive IRD and the identification of the underlying mutations by sequencing the exomes.
METHODS

Patients.
Research procedures were performed in accordance with the Declaration of Helsinki and with the approval of the UC San Diego institutional review board. Blood samples and medical and family history were collected, and detailed ophthalmic evaluation was carried out on all affected members and available relatives.
Clinical examination. Ophthalmic evaluation including measurement of best-corrected visual acuity (BCVA), Goldmann kinetic perimetry, full-field electroretinography (ERG), and color vision testing were carried out as described earlier (10) . Retinal changes were also evaluated by fluorescein angiography and spectral-domain optical coherence tomography (SDOCT) in selected patients. Medical records were reviewed for the affected patients (Table 1) .
Genetic analysis. DNA was isolated from blood samples. Exomes of 10 members of eight pedigrees were captured using NimbleGen SeqCap EZ Human Exome Library V2/V3 kit or Agilent V5-UTR probes and sequenced on Illumina HiSeq to screen for mutations in known IRD genes. Unique paired-end (2 ϫ 100 base) DNA sequence reads that passed quality control were mapped against hg19 with samTools (22, 25) , and variants were called and annotated as described earlier (9, 27) . The detected variants in individuals were filtered by exomeSuite software to identify rare or novel potentially pathogenic changes in genes reported to be associated with retinal degeneration (25) . The frequencies of novel variants were determined using ExAC database and our own data set of whole exome variants from 300 individuals. Patients from two additional pedigrees were analyzed by targeted sequencing of the DHDDS gene because of their Ashkenazi Jewish ancestry. Segregation analysis on all available family members and screening of ethnicity-matched control samples were carried out by PCR amplification of relevant exons followed by dideoxy sequencing (24) .
RESULTS
Ten unrelated families with nonsyndromic autosomal recessive IRD were studied. One family each was of Indian, Pakistani, Iraqi, and Brazilian origins, while the remaining were of European ancestry and from North America. Among these, three pedigrees were of Ashkenazi Jewish ancestry.
Exomes of selected individuals were sequenced at a minimum of 60x depth. The total number of variants including single nucleotide polymorphisms and indels detected in each of these patients ranged from 23,620 to 108,502. In each pedigree, a number of variants ranging from 240 to 747 were detected in known retinal disease genes by filtering for variants consistent with recessive inheritance. Among these, rare and low-frequency variants, where the allele frequency is Ͻ0.005, were selected for further analysis ( Table 2) .
Pedigree 1 (RF.GU.0113). A family of Indian Punjabi descent had two male siblings affected with rod-cone degeneration and central scotomas (Fig. 1A) . No additional family members had vision loss, and there was no known history of consanguinity. Both siblings reported difficulty with night vision, abnormal color vision, and central vision loss beginning in their late teens to early 20s when visual acuity was corrected to 20/25-in each eye. There was bilateral perifoveal RPE atrophy, and diffuse RPE pigmentary mottling extended throughout the fundus in each eye of both siblings at ages 31 and 28 yr (Fig. 1, B1 and C1 ). Full-field ERG testing at ages 31 and 28 yr for subjects II-I and II-II, respectively, revealed severely reduced but measurable dim scotopic responses. Mixed scotopic responses reduced to 15% of average with delayed timing, and photopic responses reduced to 30% of average with timing delayed by several milliseconds in each eye are consistent with rod-cone IRD (Table 1) .
Central scotomata and color vision abnormalities with a mixed axis of confusion were observed in both siblings by ages 31 and 28 yr (Table 1 ; Fig. 1, B3 and C3) . SDOCT images showed severe loss of the outer retinal layers throughout the central macula in both patients, with a small island of preserved outer retinal structure near the fovea in patient II-I only (Fig. 1, B5 and C5), consistent with a clinical diagnosis of rod-cone IRD with central involvement.
Sequencing the exome of patient II-II and analysis of variants detected three candidate variants. Among these, only one novel, homozygous, two-base pair deletion, c.967_968delAT; p.Met323Val fsX20 (rs750151209) in exon 7 of the CERKL gene (NM_201548.4), was predicted to be causative. This frame shift mutation was predicted to result in premature truncation of the protein at amino acid position 343 or to cause nonsense-mediated decay of the transcript.
Pedigree 2 (RF.RA.0812). A consanguineous family of Pakistani descent included two affected male siblings ( Fig. 2A) whose maternal grandfather was reported to have vision abnormalities since age 4 yr that progressed to complete blindness by age 25. The affected male III-I ( Fig. 2A) had early night vision loss beginning around age 2. Fundus examination at age 34 revealed mild nonproliferative diabetic retinopathy without clinically significant macular edema and focal areas of RPE atrophy consistent with focal laser treatment in the left eye only (Fig. 2B1 ). Goldmann visual fields revealed constriction to the I4e isopter in each eye with full peripheral fields to the V4e isopter (Fig. 2B2 ). Patient III:II also developed abnormal night vision and dark adaptation beginning in childhood. At age 19, white spots were reported in the fundus. In both siblings, RPE pigmentation was irregular in the macula extending along the temporal arcades and anteriorly but was preserved in the central 10 degrees (Fig. 2C1 shows III-II). No flecks or white spots were observed on examination at ages 30 and 34, respectively. SDOCT scans through the central 20 degrees of the macula showed atrophy of the outer retinal layers near the optic nerve and loss of the outer retinal layers beginning~5-10 degrees from the fovea (Fig. 2, B3 and C3). Full-field ERG testing in III-II revealed unmeasurable responses to dim scotopic stimuli, while bright scotopic amplitudes were severely reduced to 5%, and photopic amplitudes were reduced to 7% of the lower limit of normal, consistent with rod-cone degeneration.
Exome sequencing and analysis of variants identified a previously reported homozygous mutation, c.5882GϾA; p.Gly1961Glu (rs1800553) in exon 42 of the ABCA4 (NM_000350) gene, in both affected siblings (Table 2) (1, 6, 12) . In addition, two previously reported mutations in the RPE65, c.746AϾG; p.Tyr249Cys (rs373652862) and c.1451GϾA; p.Gly484Asp (rs62653015), were observed in the compound heterozygous state in both affected siblings (Table  2) (15, 33) . Both the ABCA4 and the RPE65 mutations segregated with disease in this pedigree ( Fig. 2A) .
Pedigree 3. (RF.H.0909).
Pedigree RF.H.0909 (Fig. 3A) is a Caucasian family with no prior history of retinal degeneration in which the three offspring of nonconsanguineous parents developed visual abnormalities within the first decade of life. All three children had visual acuities of 20/100 OU (oculus uterque/both eyes) or worse when examined at the ages of 11, 9, and 7 yr, respectively. Fundus examination revealed bull's eye maculopathy and pigment clumps surrounded by atrophy in the equatorial region OU with a flat, darkly pigmented choroidal lesion in the temporal macula OD (oculus dextrus/ right eye) of III:I (Fig. 4A1 ), while III:II exhibited foveal atrophy with subretinal hypopigmented lesions anterior to the arcades and optic disk pallor (Fig. 4A2) ; the subretinal lesions and macular atrophy were hyperfluorescent, but there was a dark choroid around the optic nerve on fluorescein angiography (Fig. 4A3 ). Patient III:III exhibited foveal atrophy OU and faint pigment clumps surrounded by RPE atrophy anterior to the arcades, with a superotemporal flat pigmented choroidal lesion OS (oculus sinister/left eye) ( Exome sequencing of proband and subsequent analysis of variants identified two previously described compound heterozygous mutations in the ABCA4 (NM_000350.2), a missense change c.5318CϾT; p.Ala1773Val (rs760549861) (30) and a an intronic variant c.5461-10TϾC (rs1800728) associated with RD (20) . Dideoxy sequencing revealed segregation of these variants with the phenotype.
Pedigree 4 (RF.T.1111). Two of three offspring developed night blindness in the first decade of life in a Caucasian family with no prior history of IRD (Fig. 3B) . Patients II-I and II-V were noted to have nystagmus and abnormal vision at ages 6 and 2 mo, respectively; II-I was diagnosed with rod-cone dystrophy at age 8 yr. Both affected siblings had subtle, very-low-frequency nystagmus; acuity was reduced to 20/200 OU in the affected male at the age of 39 yr and 20/400 OU in the affected female at 35 yr of age. Moderate myopia (Ϫ3.50 Dsph OD and Ϫ4.00 Dsph OS) was noted in the affected female, while myopia was more severe in the affected male (Ϫ7.50 Dsphϩ 2.00 Dcyl x 095 OD and Ϫ7.00 Dsph ϩ 2.25 DCyl x 070 OS). Both patients had bone spicules, thin retinal vessels, and optic disk pallor; II-V had an optic pit temporally OS (Fig. 4B ), but neither patient had cataracts (14, 19) . Patient II-III did not have retinitis pigmentosa (RP) but had keratoconus with classic signs of the disease including Vogt's striae and Fleischer rings OU.
Analysis of exome variants identified novel compound heterozygous variants in the RPE65 gene: c.755TϾC; p.Phe252Ser (NM_000329.2), predicted to be damaging, and an additional novel heterozygous frame shift variant, (NM_000329.2) c.1360delA; p.Thr454Leu fsX31, predicted to cause a premature stop codon.
Pedigree 5 (RF.S.0711).
A 39 yr old male patient from a consanguineous Iraqi family (Fig. 3C ) was reported to have vision problems since age 5 yr, photosensitivity at 12 yr, and nyctalopia with peripheral vision loss at age 30 yr. His visual acuity was 20/400 OU with manifest refraction of Ϫ9.75 Dsph ϩ0.75 Dcyl x165 OD and Ϫ9.50 Dsph ϩ0.25 Dcyl x 30 OS, intraocular pressures (IOP) 18 mmHg OU with a tilted disk and increased cup-to-disk ratio, and severely reduced color vision (Ishihara plates 0/12 OU) at age 22 yr. Anterior segment was normal, and attenuated blood vessels and bone spicules were observed on ophthalmoscopy OU. The patient was diagnosed with Wilson disease at age 10 yr and had liver transplant and umbilical hernia repair at age 36 yr but was otherwise healthy. ERG testing under both photopic and scotopic stimulation elicited no detectable responses at age 22 yr, based on the reduced visual acuity and color vision abnormalities, findings consistent with cone-rod dystrophy OU. At age 50 yr, vision was light perception OU, IOP was 23 mmHg OU with an enlarged cup-to-disk ratio OU, attenuated retinal blood vessels, bone spicules encroaching upon the posterior pole, and macular atrophy, which expanded after age 36 yr (Fig. 4 , C1 and C2, shows fundus images at ages 36 and 50 yr, respectively).
Exome variants analysis identified two novel homozygous variants, one in ATP7B on chromosome 13 and ARL6 on chromosome 3.
A novel homozygous missense variant, c.362GϾA; p.Arg121His (rs765715798) in the gene ARL6 (NM_001278293), identified in the affected male was predicted to be probably damaging by PolyPhen2 and damaging by SIFT. The second homozygous variant found in the affected proband in ATP7B (NM_000053), c.2966AϾC; p.Leu989Arg, was predicted to be damaging by PolyPhen2 and SIFT. Segregation analysis by dideoxy sequencing showed that both variants found in ARL6 as well as in ATP7B segregated with the disease in this family (Fig. 3C) .
Pedigree 6 (RF.SH.0008). Pedigree RF.SH.0008 (Fig. 3D ) is a Caucasian family with no prior history of IRD in which two of five offspring of nonconsanguineous parents developed vision loss and also reported ringing in ears but not hearing loss. Patient II-III noticed night vision abnormalities in her mid-40s followed by decreasing peripheral vision~10 yr later. Fundus exam showed waxy pallor and peripapillary RPE atrophy extending toward the macula, severely attenuated retinal blood vessels with sclerosis and RPE mottling with a few bone spicules (Fig. 4D1) ; fundus autofluorescence (AF) images demonstrated mottled areas of reduced AF most prominent along the arcades and in the nasal midperiphery, a large patch of complete lack of AF associated with peripapillary chorioretinal atrophy, and a perifoveal hyper-AF ring in the macula OU (Fig. 4D2) (Fig. 3E) had BCVA reduced to 20/200 in the right eye and counting fingers in the left eye. She was reported to have vision problems since age 2 yr and became legally blind by her third decade. Anterior segment examination was normal. Fundus examination showed mild optic nerve pallor, attenuation of retinal blood vessels, and RPE mottling in the macula with prominent bone spicules in the retinal periphery approaching the arcades (Fig. 4E) .
Analysis of exome variants identified a novel nonsense variant, c.1954CϾT; p.Gln652Ter (rs373037737), and a previously reported nonsense mutation (28), c.2116AϾT; p.Lys706Ter (rs746552548) in the PDE6B gene (NM_000283.3), in the heterozygous state. Segregation analysis suggested that the two detected PDE6B variants exist in trans configuration and segregate with IRD in this family. (Fig. 3F) . The older female sibling (II-I) developed loss of night vision at age 17 yr. At age 22 yr, visual acuities were 20/25 with mild posterior subcapsular cataracts, moderate optic nerve pallor, retinal vascular attenuation, and RPE pigmentary change with white spots in the periphery OU (Fig. 5, A and C) . At this age, visual field testing revealed mild constriction to the V4e and II4e isopters (Fig. 5F) , and full-field ERG showed severely reduced responses to scotopic and photopic stimuli with similar reduction of a-and b-wave amplitudes (Fig. 5,  D and E ). An audiogram revealed normal hearing function bilaterally. Visual acuity declined over time to 20/40 by age 32 yr, then 20/50 by age 33 yr, then 20/70 in the right eye, and declined to 20/36 in the left eye, by age 40 yr. Visual fields showed progressive constriction over time; by age 31 yr, visual fields were constricted to less than 20 degrees diameter in each eye (Fig. 5G) .
The younger male sibling (II-II) was examined at age 22 yr when he had no symptoms of vision loss with visual acuity 20/16 in each eye. Fundus examination at ages 26 and 28 yr showed retinal vascular attenuation and mild disk pallor but no bone spicule pigmentary change (Fig. 5B) . Visual fields showed progressive constriction over time (Fig. 5 , H and I, shows visual fields at ages 22 and 32 yr, respectively). Goldmann visual field testing on three unaffected relatives was normal.
Targeted mutation analysis identified the previously described DHDDS (NM_024887) mutation c.124AϾG; p.Lys42Glu (rs147394623) (35) in the homozygous state in both siblings and in the heterozygous state in their parents. Pedigree 9 (RF.AA.1104). The exome of a Jewish patient with IRD with no family history of consanguinity or IRD was sequenced (Fig. 3G) . Analysis of variants revealed compound heterozygous mutations in the DHDDS gene: the previously reported mutation, c.124AϾG; p.Lys42Glu (rs147394623) (35) , and a novel pathogenic change, c.616AϾG; p.Thr206Ala. Analysis of additional members of this pedigree confirmed segregation of these changes with IRD.
Pedigree 10 (RF.PO.1109). Analysis of an affected male (Fig. 3H) of Ashkenazi Jewish origin with no family history of retinal degeneration detected the previously described DHDDS change c.124AϾG; p.Lys42Glu (rs147394623) in the homozygous state (35) . This patient underwent a retinal and choroidal biopsy to rule out viral vs. fungal vs. immunoproliferative disease. No additional clinical characterization was available for this patient. Histology of available retinal biopsy sample of this patient revealed significant degeneration of all retinal layers including ganglion cells (Fig. 4F1) . The RPE layer was intact despite significant retinal degeneration and loss of inner and outer segments and nuclei of photoreceptors (Fig. 4F2) .
Control analysis. Analysis of 100 ethnicity-matched appropriate controls did not detect the novel causative variants identified in this study, indicating that these variants are rare in those populations.
DISCUSSION
Exome analysis of the probands of 10 pedigrees identified mutations in the CERKL, ABCA4, RPE65, ARL6, USH2A, PDE6B, and DHDDS genes as the underlying cause of retinal degeneration. Among these, nine were novel, potentially pathogenic variants, while five were previously reported mutations. Although patients from all pedigrees studies had typical symptoms of recessive IRD, variation was observed in clinical features such as the involvement of central retina, RPE atrophy, or lack of RPE abnormalities. Detailed clinical evaluation carried out on these patients provided insight into the phenotype associated with the genotypes observed.
Mutations in ceramide kinase-like (CERKL) gene are associated with autosomal recessive (ar)RP and cone-rod dystrophy (3, 4, 19) . Patients with CERKL mutations have been reported with loss of visual acuity, bone spicule pigmentation with white dots in the outer retina, macular RPE atrophy, and central chorioretinal atrophy. The clinical pathology of pedigree RF.GU.0113 and previous reports in literature indicate that the CERKL gene mutations are associated with rod-cone dystrophy with central involvement.
In this study, mutations in the ABCA4 gene were found to be the underlying and/or contributing cause of RD in two pedigrees, RF.RA.0812 and RF.H.0909. Patients from these pedigrees have presented with arRP, bull's eye maculopathy or macular atrophy phenotype, respectively. Neither of these pedigrees demonstrated lipofuscin deposits or typical flecks seen in patients with STGD1, although the pedigree RF.RA.0812 was reported to have white spots in the fundus at the time of diagnosis before age 20 yr in both individuals. Mutations in ABCA4 are associated with a broad spectrum of recessive retinal degeneration phenotypes including STGD1, cone-rod dystrophy, and arRP (6, 21) . The phenotype of the two pedigrees presented here further supports the association of ABCA4 mutations with RP phenotypes and macular atrophy with or without the findings of STGD1. However, the frequency of c.5882GϾA; p.Gly1961Glu variant observed in RF.RA.0812 was reported to be high, and the phenotype of some patients carrying this variant was found to be mild (1, 6, 12) . In this pedigree, an additional set of previously reported compound heterozygous mutations p.Tyr249Cys and p.Gly484Asp in the RPE65 were observed (Fig. 2) . Similar to the reports of patients with p.Gly484Asp mutations in RPE65, the affected individuals in RF.RA.0812 had poor night vision and a history of fine white retinal dots earlier in life that faded over time and were replaced with RPE changes (33) . It is likely that the mutations observed in RPE65 are sufficient to explain the RD phenotype in this pedigree. However, the impact of having both the ABCA4 p.Gly1961Asp homozygous variant and the RPE65 compound heterozygous mutations in this pedigree is not known. Co-occurrence of mutations in two genes segregating with disease has been reported in IRD pedigrees previously (16, 19) .
The affected male in pedigree RF.S.0711 is of Iraqi origin and has a diagnosis of cone dystrophy and Wilson disease. Three different novel potentially pathogenic homozygous changes in ARL6, CLN3, and ATP7B genes on three different chromosomes were detected in this individual. ARL6 is primarily associated with Bardet-Biedl syndrome (BBS), while one homozygous mutation was reported in a Saudi pedigree with recessive nonsyndromic RP (2) . Mutations in the ATP7B gene are associated with Wilson disease. Mutations in ARL6 and ATP7B segregated with disease in this pedigree (Fig. 3C) . The novel change in CLN3 is observed in the homozygous state in the affected male and one 47 yr old, unaffected sibling. The clinical evaluation did not reveal signs of ceroid lipofuscinosis except the retinal degeneration, which did not segregate with the novel CLN3 change. In this patient, the c.362GϾA; p.Arg121His ARL6 mutation alone may be sufficient to cause nonsyndromic retinal degeneration, while the ATP7B mutation is the underlying cause of Wilson disease. The impact of mutations in CLN3 and ATP7B, if any, on modifying the ARL6-associated phenotype, such as causing nonsyndromic RD instead of BBS, is not known.
RPE65 and PDE6B are widely studied retinal disease genes associated with early-onset retinal degeneration (5, 29) . Similarly, mutations in USH2A are associated with nonsyndromic recessive RP with later age of onset (7, 18) . The phenotype of patients in our study from families with mutations in RPE65, PDE6B, and USH2A is consistent with the phenotypic features associated with these gene mutations.
A missense mutation, p.Lys42Glu, in DHDDS has been reported as a common cause of recessive RP in patients of Ashkenazi Jewish ancestry (31, 35) . We observed a second novel DHDDS mutation, p.Thr206Glu, in one affected individual. DHDDS knockdown induces photoreceptor degeneration in zebrafish, confirming its causative nature (34) . The rare opportunity to study retinal histology of a patient with the common p.Lys42Glu DHDDS mutation revealed the presence of relatively preserved RPE cells despite severe degeneration of outer retinal layers. This information will be helpful in designing therapeutic strategies, including cell-based therapies to replace photoreceptors in the presence of relatively preserved RPE cells, in patients with RD due to DHDDS mutations.
Analysis of pedigrees presented in this study revealed that whole exome sequencing could reveal not only the possible causative mutations, but also pathogenic sequence variants in additional genes. Among the 10 pedigrees analyzed, potentially disease-causing variants were observed in more than one gene associated with RD or neurodegeneration in two pedigrees. It is interesting to observe compound heterozygous causative mutations in a consanguineous pedigree (RF.RA.0812). Detection of novel damaging variants in multiple retinal disease genes segregating with disease in a pedigree presents a challenge in determining the underlying cause of phenotype. The additional variants may independently or, together with the primary mutations, contribute to the phenotype. Additional studies are needed to determine the role of novel damaging variants as either the underlying cause of pathology or phenotype modifiers. These studies will assist in developing effective ways to treat IRD when appropriate gene-based therapies become available.
The results of the analysis presented in this study indicate that novel or rare mutations in known IRD genes may contribute to a significant proportion of cases that are yet to be genotyped. Detailed clinical evaluation over a period of several years and the genotype analysis of the pedigrees studied suggest that the phenotype of patients is consistent with clinical features described to be associated with the genotypes. Accumulation of knowledge on the phenotype and genotype of patients will enable investigators to establish the phenotype associated with mutations in specific genotypes and the natural history of these diseases.
Genetics analysis using next-generation sequencing technologies may reveal causative mutations in multiple genes, and this may present a challenge in determining the primary cause of disease, genetic counseling, and selection of gene-based therapies to treat members of these pedigrees.
